


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1953 


Transistor circuit characteristics 


Ewald, Frank Whaley 


Monterey, California: U.S. Naval Postgraduate School 


http://ndl.handle.net/10945/14734 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
. (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist L Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


nN i KNOX appointed — and published -- scholarly author. 
| inp 
, LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


TRANSISTOR CIRCUIT CHARACTERISTICS 


eee ha eat 8 
Nh, 


Loorary 
U.S. Naval Postgraduate School 
Monterey, California 



































TRANS ISTOR CIRCIIT CHARACTEPISTICS 


vy 


Frank Whaley Ewald 
Lirutenant, United Btates Navy 


Submitted in partial fulfillment 
of the requirements 
for the decree of 
MASTER OF SCIENCE 
in 
ENGIN"® ERI“3+ ELECTRONICS 


United States Naval Postgraduate School 
Monterey, California 
19565 














PREFACE 


This naver was done in the spring of 1955 at the 
United States Naval Postgraduste School. The vurnose was 
to search the tremendous volume of transistor literature 
and to extract information on the circuit characteristics 
in those pverticular annlications which seemed most nromising. 
An effort was made to select the most generally accented 
methods of utilizing the mown nhysical characteriatics. 
After the material was selected it was exnanded or compressed, 
as anpropriate, to rive a nractical engineerine noint of 
view. | 

The writer wishes to acknowledce, with anvnreciation, 
the assistance of Professors A. Sheingolc, and D. A. Stentz 
In s®#lect ing and arrancine the material, and in correctinge 


the manuscrinte 


ial 
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CHAPTER I 
ARSTRACT 


The purpose of this paper is first, to show how 
transistor small signal equivalent circuits can be deduced 
from either their static characteristics or onen circvit 
resistance measurements, and then, by the use of circuit 
theory, to utilize these equivalent circuits to vredict the 
characteristics of sore typical amolifier circuits. 

By-products of this develonment are the stability 
criterion for amplifiers and the negative resistance char- 
acteristics of transistors. 

The latter by-product is the subject of a fairly de- 
tailed »nresentation of a useful method of analyzing nezative 
resistance circuits by subdividing the negative resistance 
characteristic into three anproximately linear recions. 

In the interests of comoleteness there are included 
some general comments on frequency res»vonse, large signal 
analysis, noise, temperature effects, and, firally, a 
representetive collection of practical circuits with brief 
comments on the outstanding features of each. 

It is honed that this material will be useful in 
bridging the gan between the theoretical and the vractical 
asyects of transistor cirenits. 

The material contained herein was derived vrimarily 


from neriodical literature. 








CHAPEER I! 


AC BRI IVALEWT CIRCVIT 


1. Static Charactertstics,(2.°,14,22), 


The static characteristics of transistors are used in 
essentially the same wa: as those of vacuum tubes(14), the 
small signal noarameters of the srall signal equivalent 
cireuits are obtained from the slones of the curves ‘'n a 
menner treat is analogcous!2), A tvoical set of static 


characteristics of a PCT 1s shown below"). 
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The Slopes cf the cprves atove, at the ches@en operating 





noint, rive the onen circuit resistances indicsted on each 
curve (1,2, ,10,14,22) , These imoortant narareters may also 
be obteimed by dinect opan circuit measurement(2s17). In 
making these measurements current is used as the inderendent 
variatle since, under conditions to be mentioned later, 
current &t gny pair of terminals may be a multiple valued 
function of an indenendent voltare variable (214), The oven 
circn’t resistances can be used to obtain several equivalent 
cirenits. The most convenient of these is a signle q(2,10,14), 
2. Derivation of Equivalent T. 

Before yroceeding with the derivation cf the equivalent 
T it should be menttoned that a fatrliv recent naner (17) has 
showr that the transistor may be handled as a four terminal 
"black box" using newly develoned active circuit matrix 
metrods. If matrix methods are used it 18 not necessary to 
Interpret the results of the onen circuit measurerents but 
if an equivalent circvit Is to he deduced frorm the measure- 
ments it is necessarv to conceive a rhysically realizable 
circuit to revresent the results of the measurements. We 
shall therefore internret the onen circuit resistances (R*) 
In tre light of the fact that there is known to be current 


gain in the forward direction(%s14,21,22,27), 








7 

| _— 
a to Ry (2,14,22) | The mutual resistance, 
2. is a nassive resistance common to the tnyovt and ovtout 


etre: tts. Ry, must ineluwée this common res‘stance, but the 


mount by wYich R,, ¢meeed's R* 18 a result of the additional 


effect of currert in the tnt efrevtt on the ovt wt: 1.e., 


trere is an effecé over and above tht chanréatle to direct — 
mutwal resistance commlinc. We will desimnate th's forward 
transfer resistance r,, eni the nassive mutval res!starce 

re, - Phen; ae stated gtove; 


* 
Rae = & 


“ (1) 
Re, ~ mht Voy, 


Now the difference between R, and R% must be the ree 
raining passive resistance of the innpvt circvit when the 
outyvt is onen circuited. This !s the emitter rosistance, 
re - Similarly the difference between fies and r, is the 
collector resistance, r. . 
Surmeariz ing: 


fe tly Ri = r, 


* 
Vet Vp a = "7 re 


If neither R* nor R3, 1s to include r,, we rust 





represent the active unilateral proverty by an equivalent 


veltace or current senerator. 





fously expresses a rat!o of # voltare to a curren tw 

cif ct Cally it is a measure of the voltage in the colle cto r 
circvit watch resul’s from an increment of Ie (ig) ex- 
clusive of that caused by the direct covelinc, r, « 
Vv = mi, ls. the vine ye renerator(14,27,28), this is similar 
to ©, » thé current generator hi tre small s{rnal eqnivalent 
cirerit of a tacuum tub@®. AS 18 the case with vacuum tubes, 
this micht be revilaced by its dual, in tris care, 4 current. 
cenerator'! 27), 

Me Fetio of the increment of currept fn fhe collector — 
cirevtt to the iIncremen’ of aritter cvrrent cnustnr it has 
heen called the current rpatn ond destenated % (2) p22 27,29) | 
Therefore, the equivalent current cenerator {s « 1,. 


3. Amnlififer Equivalent Circiu'tts. 


For the grounded base connect’cn, the two ac eqyvivalent 


chrcbitis ape (10514 yee ,27 ), 





. 








Yass f 


(~) ~~ a __ ae 
- + 


% RL 


The reason for the {inclusion of the generator, in what 
ts normally the outout of the l#st circult above, is that 
under the condition that am > 1 there is anpreciable gain 
in tre reverse Alpaeeition! 14 #2), In fact, when X=2 the 


forwarded ani reverse “ower gains are equaa 2402) | 











CHAPTER III 
INPUT AMD OVTPUT IMPFDANCES OF AMPLIFIFRS(2,1°,14) 


le. General. 

We will now develon the ‘nput and ouftyut Ampedances 
of simple amplifier circuits from the foreroine equivalent 
Circuits. 

For clarity a numerical examole will be carried along 


with the literal. Given: 


ie 5302 Ye= 4, YO-2 
> _ K. = Soo2 

Rie STO-2 ° fae 2 10m 

Ray = 34,0002 5: eet Wo = (6,710.2 

R..= 14, 000 Jr Viage o 2) MO.2 


The ceneral cirenit determinant for all] three cases 


496(5,14). 


Ry Riz 
= RK, 3 Ki Ros (3) 


Ra Raa 





Prom four terminal network theory the innut impedance, 


as seen from the gencrator terminals, 4g (5) 


(4) 





R! = fo 
nn A » Were A 4s the cofactor of 
\ the first element, 4, , of 
the determinant 
therefore, 2 (8) 
t ig 2 
a Re 


or, lettings Rg be the internel imnedance of the cenerator, 


the {mnedance lookine !nto the Inwt terrinels vecores, 
~ — a a 


Rez (6) 











In a simfiler way the output impedance seen by the load is, 


A. % 
~~ RG. a a (7) 


2. Grounded Case. 


Annlying the general formulne to the grounded base 


connection we have, 














Yel (,3w 390 « F4000 
Ee. lett, — 1s (To* Ym) e £j0= Eizo = 297P2 
vi r+ R ~ 
c (8) 
ve (14%. 290 4 39000 . 
R=. (eh - Ye (104%) ~ Proce — = 9A 0-2 
. {O20 
Yer or Kg ” (9) 
3. Grounded Emitter. 
fo(Vm- Ye 290% 33470 
Rin > Te, F —————_—— = $30t = 3SES2R 
Yet ¥. + R.- Tm E270 (10) 
te (Vn ~Ye) 290% 22470 
Roe Vet ¥o~ Gt = 460 t S98 RY) 
4. Urounded Collector. 
r-(te-. 1& 7/0 *1$000 
Riw= Voter eed = 47600" = = J 2600 
te tf -1 £240 
Cc Sac (12) 
c (nam = 
R= Yethemlm t ee —aigs 4 [eS eS = “bp, 
Re tihy are 19 F020 (13) 





CREP Ter iY 


VOLTA@ZE AWD PQ'\7\P aA rug (2,12 ja 17 27 ) 


GVatrn, forml%© will] now te develonéd for the same three 


connections carrying throvreh with the sam@é numerical constants. 


1. Grounded Ease. 


mee” * 
Ry Rul Re nual 
ce £ 
Kar > Ray i ht 7R. (aut 
a Rie jo %o 240 


= 26%; «1 











Ray Ree 


2yOCo 2 4COO 


Referr'’re to the equivalert circvit it may be shown 











tr at - R,, & 
aS es ee 
a (15) 
then, R e 
Ce, = lo: Ry = a Ae J 
LAA (16) 
hence, 
& = Karke 
Es a (17) 
Therefore the forwar: volt.are fain is 
R sf * 
Ke - Res u = sO = se 4 
LY wo. if (19) 


The nower availnble from the source is 


2 
C5 


4 


P= 


17\ 





a 





rt 


2 
e. 
Po = a 


ORL 


“The forward cower gain is therefore, 


Re _ fe, _ 4% fey 
Gs = | CCAR. a (E+) = 


7 AiRe 2 Pe 
= (5 - _ a eT (= 


The reverse gains ere obtained in a sirilar manner, 
as follows: 
__, “% Riz 


! Aa € 
Ce. = —- lgXz _ Ay*a § > 4 


£60 *14G9D 


BO. 3/ nso” 


= .00479 


| 
ns) 7* 














Riz= Ye = 270 





RA tg" e) - hg = F2H%0 


Ca = Fae”. " \e . 2 
i. k, Ke = 42s K, (As) IR gh, (x) (31) 


= 94 -s. 
~ TOEPEt "= c/Aam = = 17.9 dé 


al 








P Pie oa ’ 7 
5 ee i A ee 
u 7 FC om! Aa 


aa 


> 1a, RY ee SoD R ig Se - Cmi= — 15006 


a Ge Sh 18 70 Ce et 1 t Ry ty, = F240 


— 
~— 


= 383 x/0° 


18 710 L240 


(£710 «26000 
FRZ* 10% ~ 


e 7% « ~ 
Ge 3 * Ke = .095§ = ~ /0,/8 db 


ie 


Ke Rs Ria _ S00(-/S ce ) © ms 
383 x yo met 


= “Ake 2 L 
CG, 7 Kr = 160 «3.894 ~/C r 
4 








In tre three cases just develoned the values of Rj and 


‘RL were the same (59020 and 20 F resnectively). 


Summarizing the init ani omtput immedances af tire 
simmle ammolifiers: 
GSrovnded base 


Re 

oe * 2—e52S K 

Ro = <§655 K 

Grounded collector 
Rin = 72.6 K 
R, = <-1.66 K 
It fs anvarent that the chosen values cf Rg an@ Ry 

are very inarpronriate for the last tam connections. In 
crder to reveal an interestine feature of th erenned 
collactor amolifier let us choase Rg equal 20 K and 


R, equal 20K, then 
K,,= 39K Ria -/§& 
Ro, = 1@,01K Rig= £.34K 


A= (34524 4 15 18.10% = 76.5 «10° 





S.7¥ «BO 
76,5— 


Ap 





= 49 (38) 


15 











20(-15) 


TES 3.92 _ 





and Kr = 


Here it is seen that K- and Kp are of the same order 
of magnitude but of onnosite sign. In other words the grounded 
collector connection offers the vossibility of use as a bi-e 
lateral amolifier with a phase reversal in the reverse but 
not tn the forward direction. The grounded emitter offers 


Sirilar nossitilities but to a lesser extent. 


14 








CHAPTGR V 


STARILITY CRITor: Toy (9215,14,21,22) 


Any circuit which has a nevative cirevit determinant 
13s unstable (22) , This 18 a mathematical revresentation of 
the condition in which the feedbac’ is greater than that 
necessary to make the loon gain unity. In teres of tke usual 
knowns of a transistor cirenit this criterion may be roughly 
redvced to give the conditions conducive to instability. 

(1) Large feedbacr resistance 
(2) Large 
(3) Smgl1 Re 
(4) Small RR, 

If X< / for either PCT of JT and there are~no external 
feedback resistances, then the transistor is unconditionally 
stable (9515,21,22) | PCT in general hate current #@air greater 
than unity(®s21), hence, they may be short circtit unstable 
if the internal feedback resistance, r, 18 sufftciently large. 

It showld be mentioned here that a nositive velue of 
4H 18 not an assvurerce of stabllitv but thet e necative 


valve Fuarantees instar!) itv. 


15 
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CHAPTER VI 


NEGATIVE RESISTANCE CHARACTERISTICS (1 54 522) 


1. VYeneral. 

As ment‘ored vorev'touslyv, under certain conditions, 
f.e., & andr, large, any two termirals of a transistor 
may exhibit a nezative resistance characteristic(®), In 
these cases the voltae vs current curves will show current 
to te a multivle valued function of voltare or vice versa. 
This is the case, for examnle, when a transistor wh'ch is 
short circuit unstable has its collector short circuited 
throv@h a collector Dias battery. ‘then the emitter char- 
acterietic might aoptar as shown below(1,4,°), 


-/ 0 / ws JZ 4 3 


~~] cee Sy eee 9 ee" 








(volts) 
et 
Y 
4 
| 
| 
| aan 


Ve 


—4O 


In this examnle the circuit has two stable points, 
Aand C. If overating at voint A and a positive pulse is 
applied to the emitter, overatien e111 ahift practically 
instantaneously (154) to point C provided thet the amplitude 


of the vulse is sufficient to attain the negative resistance 
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a 





: 






rransistor need net be short 





In nractical circentts the 
eirevit unstable, for it 1s made so by the inclusion of a 





1 tase resistance, Ry !1), 






The nerative resistance curves for collector and base 





with load lines shown for bi-statle operation are eiven 








pelow(1s4), These curves are somewhat idealized. 





Bh 








Tawear Segment Analysis (genera1)'19457) , 
For nurnoses of analvsis let us take the negative 


resistance emitter circ’’t and the associated emitter 





and current transfer character!stics, and anproximate these 








curves by linear segments. Refer to the curves below for 


nomenclature (497), 
Emitter Input Characteristic 
Le 


T ?, 


t 


Current Trans fér Characteristic 





Cut-off Transient | 
Region Region 





Sal wrot 1Or\ 
Region 


The straicht line anvroximations to these curves can 


he ortained in terms cf tre trensistor and circuit narameters 
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by the use of annroynriate linear equivalent circuits for 
eack recion(1s54s7), In the followtng develovment ro+ Ry 
is replaced by Ky, since in practical switching circuits 
i> rg 
>. Cutoff Region. 

Herm Ig bs nesaetive; hence, it hes virtually ne effect 
On I~ « I, remains nearly constant at its minimum value. 


The @quivalent circuit is therefore: 








Re 
= be 
' Ece 
= (i.-—- ——— xk 
Ve Le e Ros i, . Ry, b (40) 
When Ie = Oy 
ro Eee R 4 
: Rotter he (41) 
The slone of this line is 
OVe _ r 
Ole ; (42) 


Thus the cut-off sewmrent is cdeterminec. 


es, 





For the correspond!ng segment of the | 
characteristic 


-Feo- Ie Ry 


Ecc 
Rypthr Ke 


I.=- 


end the slorm is 
oid Se 
Sip Rot GFR. (45) 
The negative siitrn of the slope is the natural result of 
the onnosite rolnarities of emitter and collector biases. 
4. Transient Kerion. 
In thia region I, 18 positive, hence TK P, and Re 
and there {s current gain (X>/). Using the cvrrent cen- 


erator equivalent circu't we have 


Writing the loon eauations 
Ma -& £22 & 
(Ry + tlk + (R y+ .AR,)E.= > Bec 





Then 
Ecc (fmt By) T¢ (49) 
Ryttet Re Retr Ro 








I= ~ 
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hence, 








Xb 


(49) 


(50) 


(51) 


(52) 


(53) 


(54) 


(55) 


‘4 (mo & 
- = ee ms ——7 i-—= Ecc 
e Ry + lot Re Rpt ver Nc 
72 “- &. r Heth # Rae : Ret fet Re 
and finally, 
ve Rp [Rot re (i~ %) | t Re Ecc 
ee yee ~ es ~ £€¢ = & 
Ket ® Re : Rete t Re 
ane n Ie= 0, 
a Re Eee 
Ve = ag a 
Retht Re 
The slope is, 
ave Re[ Ret ¥(1-«) } 
Ole Rut lot Re 
For the current transfer characteristic the loop equations 
give Le * Cae Ry t tm 
6 i ees 
Raptr Re Rit Verte 
= Ry t KT 7 


and when I, = 0, 


foc 


— —) 
. Rott Ac 


The slone of thts serrent is 


ol. ie «K Ie 
Ie Rett + Re 





ol 





(56) 


(57) 





The slcnves an? the intersection noints at zero emitter 
current have now been determined for tive cut off and the 
trey tent regions. 

§. Sflo ration Region. 


For the saturation reticn the emitter fn out serment is 


ee rg ned by 1tS SloM@ and its zero @mitter voltage intér- 


cent. The corresnondi*> current transfer cheracteriotic is 
d@t®rmineri from its slone and its vorotected intercent at 
zerc emitter current. 

In this region the current gain is zero(7s°) ana the 
hao resiatange of the collector, r. 9 18 small compsred 


to FB. . Therefore the equiveldént ciPevit ia 


“xneriment has demonstrated(7) tre existence of a small 
Nnositive constant votenttal, Fee between emitter and collector 
trrerehout the Satureaticn region. Including this efTéect 


for a better anproximation the equivalent circuit for the 








ReKe Rb } 
 RerRe TO Hye me (Eee > Eee) 


2 Eec 
a 
The slope of this l!ne is 
OVe _ ReRc 
OTe - Riget 
For the current transfer line 


Ea 


and when Ie = 0, 
Gee Ot 
I. 


Ret Re 


and tre slor is 


a 


Ole Kpt Fic 











6. Gravnhical Summry. fy - Gos 





Re 
~~) a Sat 
Coo’ dimen 
ta Ry Ecce 
Vis Ve" ~ amma Re 
Te= 0 
, Ret) Ecce 
5 Ve 2 re 
XK (Re+Re)— Ko 
Bec 
My - 





> x(RetRe)—Re 


Cmitter Innit Characteristic 


— —_—_— - > 


C amine ¢ 
Bcc 


Te= - RL FKP RK. 


Te=0 
. . KX Ecc 
2° _* ~ X(Ryt Re) — Re 
Ip= Ecce 
4 
here 
—_ 





Currert Trarefer Characteristic 
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(64) 
(65) 
(66) 


(67) 








7. Toad Effects !457 99.22), 

The forecoing analyvsis is based com the simrmle ercunded 
base circuit In whicti the emitter disnlavs the nerative re- 
Sistpnce charactaristic. The moge of operation 4s therefore 
determined by the ewitter losd. if the load !s a Wre re- 
sistance intersecting the curve once in each region *hen 
oneraticn 4s bistable(457s%), If it is a resistance greeter 
in matmitude than the mefative resistance and intersecting 
on)y the nefative resist@rce art of the curve, ang sunteda 
by a cavacitor or an onen circuited transrission line, the 


4,7,9) . The statle noint is of course 


cimeult is monostable | 
at sero emitter current. 

The wave forms of tiie outvout @re obtained from tre 
current transfer curves after tre form of the emitter current 
has been determined.!”7) 

Varions bias arranfements have been devised to control 
tricmer sensitivity and to tare advantage of d'rect counling 
nossibilitiess For examnle, the Ve =-Ie curve may be shi fted 
vertically by obtainine collector bias from an <4, instead 
of an weet). A neg@tive current bias Supplied threweh a 
very high resistance Will moxe the Ve “ie curve horisontelly, 
decreasing trigeer sensitivity for monostablie anc bistable 
oneratton(7), 

The use of semiccniuctor diodes as loads, isolating 


elements, and capacitor discharge eléments gives these 


- 
7 





— i 
In tre interests of comileteness sot vnractical 


examrles of transistor nevative resistance ci revits fo llow . 


Pm. Practical Yorostarle Circiit ~~ - 


CNavGge diode 


— Trgyer Current 


Rive 2 
Foth = 4 


v “ 
u’ 
a) ms oa 








G, *racttenl Pistatle ntrewat!”?). 





Sf 


: i 
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“ON "Stable Foul 


av 








1c. Practical Astable Ciromat(ls7). 











Te 


; @ 
DC Operalineg 
= J 
Pra t e 
; x 





\ 


In the clirenuit above the onerating point 18s set by 
Pea or Re or both. The operating path is ly 2, 55 4. The 
eengeral reqrirements for asStatls operation aré: a Oc operat- 
in® ooint on tie transient seement, and a reactive 1o@ec. A 
canfcitor load gives mu itivitrator actten anil a eeri¢s LS 
loei will, under correct adiustment, give sinusoidal 


oscillations. 
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11. Sinusoidal Oscillators!7»22), 


es 
: 
| 
eR, 


; 
cart ) 
e i; 


The terminals x-x disvlay an open circuit unstable 








nerative rasitstance before insertion of the navellel Lo 


comrination. The newat!ive resistence must of courge be 


ereeter than the shunt resistance of the L7 load. 


The next two cirev'ts are suitable as RF! osctllators. 


The transistors used i9 these circuits must te sel@cted for 


nigh f. of X e (Seb pp 71) 





In the circeult atove C, and 5, are nhase comaensatine 
canacitors. They serve to extend the Wieh frequency limit. 
R, 1s a nosittive feedbac® clamert witch may be omttted with 
gere tranststors, 


} 


( is a self bigs network. 


= 
2 














Ra TSR VIT 


TREQUENCY neeagyie (2 ,11,21,23,27,2°9) 


1. jenereal. 

The forero!tnge derivations have been made 91n the AsSsSumNtion 
they #11 the transistor nargmeters are sore resi*tances. This 
‘gs a fair annroximatton over the prance of usue] annltcatton (14,22) | 

Actually Te> Th» ens % » are practically ‘nderendent of 
freqnency(2) | but there {s a stra~ canacitance shunting 
r. (26527 ,20)) this becomes imnortant at hither frequencies, 
~erticulerly when working tnto a hiwh impeaance losall4). 
Wore important ts tie frequency senendence oF # (2,14), 
Pmrolis off to ahout -© db/oct ahove a frequency called the 
cuf-off frequency of & (21). It Is the frequency at which 
the current gain 1s down 3 db from !ts low freqvencr value. 
f 18 @ function of notnt spaetne (base thickness ‘9 the case 
of ITf 22527,29,30) | tyne af minority carrier, temperature, 
collector voltarce, anc some yet unterterrired variaties, 

bor peneral Prediction of freqnency refnonae 0° various 
resistance termineted GlPenits it 1g convenient to assime 
thet & has a characteri-+tic tdentica) To an ™ ‘ntecrat ing 
or nase lar cirentt!11,14,27,29) | Such a circuit has a 
resmonse which is dowm 3 db At the cut off freavency and has 
a hieh frequency asymptotic slone of =6 db/oct. The fre- 
quency denendence of & is thus 


S1 











Pr. (72) 


where X. is tive low frequency velve of current wain. 

she & of some transistors actually atnrose!s tris 
cheracterif* tc, tut morw o%ten the mich freaqwencd marentote 
is sAvern] at/oct steerer and the associeted “hase J ae¢ 
corewhet rrenter(14). 

Srow equation (15) 

; = R2, = - Cy (Yet ln) 
' a (Ky* Ye? VER +K+ Ye)- fo(Vattm) >? 


Livisine numwrator and denominator Py i 
te 
€4( +t +x) 


“Spal (S++ +1)- re( +%) (74) 
ae * 7 ee 
" 


Then for R <1,» and rkK 8.4 





Cn, X 
—— — a (78) 
R, - SS) 
(0-3 
Subetitutine the comnlex X it 1s seen that 
| ey X%, 
: A Kole (76) 
Ra (i+jt | = - 
= Ru(itiz | 


ae 
== 





X's ie F i - 
Ru [1 ry. {+ J K E 
| c 

we 


wv 








Thus the lord current is down 3 db when 


p= (1- She, 


Then, under tne assumotions given, the cirenvlt cut-off 


frequency !8 y— Ss if 
W] 


For the grounded base circuit used in the »xrevious 


times the © cut-off frequency. 


examnnles 
Y,= 240 
R,,=/030 
Ae EBTI0 


(= 187/0 


~= Yt le 





so that 25 
| o is V0 

p_ MS = - = /—7 os “Ss (8&1) 

Ri 





This ‘ndicetes thet the circuit cut-off frequency will 
be anproximately one half of the & cut-off frequency. How= 


ever, the anproximat ion RS“ i. 18 not Satisfied 2n this 


Oo 











follows: 
Cut-off frequency reduction facler = | — 2 









L. 79° BHO 
TF Ouka® 
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fuslitativel the effect illustrated here is that 







nositive feedback increases gain at the exnense of band- 


width. This can be compensated ty the annronriate annlica- 






ttenp of n@gative feedback. 






2. PhySical Asnects (15,21) , 






Point spacing, s, of POT or base width of JY have an 





effect on f,. which is simil»r to transit time effects in 





vacuum tubes (51) , The transit time §n transistors also de= 






nends on the motility oc” the minerity carrier, 4 , the 






resiativity of the base “Ts terial, O, and the emitter current. 






Tor a P°T the transit time is ctven by 






ss 
A Le 


The motility of electrore as e'noritv carriers {s about 


Ts 







50° werester than that of holesil‘), For thts reason . is 





Aonreciatl, wereater fer f=base PTT and non JT than {it ts 






for Tease POT or onn w7(14,10). 






In additior to Peste research in solid state Nhysics 





the efforts to increaze the frequency rance of P°T are 











d‘rected toward decreasine oc. There are, however, definite 
limitations to the »mractical reduction of noint spacing. It 
has been found that for moderate values of MO, ry increases 
ranidly with decreasing s. For low values of , r increases 
linearly with Aecredsine s. lt is therefore necessary that 

f/f? ve low in order to oreserve etabtlity. 

The other limitations to veduced xoint snactn@ are the 
mechanical difficulty, wa the stray canacity shuntine the 
pornts (15571) , 

At present the above techniques have resulted in lin, et 
rore than 20 mc an’ oeciljatton in the 100 to 3CO me range. 
To achieve: this, po'nt syacings as small as one half mil 


were used! 3y21) | 


OO 











CHAPTER YITI 


BOIS ANT) TEEPEMA THIET BPrAgTS 


1. Moise tn Transistor Circu’ts. 

A considerable anount of ang l-tical work s°) pas been 
done on tranststor noise, but here we will conatfer cniy the 
more venernal asvects cf neise. Se ere narticulerly Interested 
tn the mthoats of Insurtrhe relatively low noise. 

Mos of the notée of transistors is fentrated st the 
collector!®), T™% eritter noite nower is of th® order of 
40 db below collector noime nower(), 

In current l!ita#ratire the noise is usuell» ex tréssed 


as A notoe fteure at 1000 cus measured over @r t-crerental 


bandwidth (2 159%5%527), 


PL 
Gr Pe 


Noise nowlr 'n lose for the 


Woitse Fivure (db) = 19 loe 





where Ce 
snecified bandwidth 
c,; © Forward newer g@ in 
Pe = Therwel noise cowrr on Rg fer the 


same bartiwidth 








Noise fieure denents on frequency, vias currents 
and fig but ig indenentent of P, '8), 

For the grounded beee cornection noise fdJgure is mine 
imum When Hg © Fy * © ee + rg Ph 7) s Thic wERIMR of Ra 
qo@s "at, in gern@ral, tMetch tee innut mipeddhnce of st 
cirevit. A comoromis#® nmist therefore be made between noise 
and Wain. The annrovnriaste comnmromise can ta made with the 


Aid of tre teahle below (due to vontmomery\*)), 





Ra 
a y cc 
a -— Gf vv Ks, uf 1Q 
Rg (Optimum Noi>€) ’ | 
Increase in 
neisé figure (dt) 2.6 4.8 





In the Frounded eritter connection Ra for ont! mum 
noiee is annroximately the sama as fcr tre frounded vase 
ceemrection, Mit Ft is Vaeveally mich Sablle@er Tren thet for 
maximum main(%,14), 

There is little differencé In tre neise fibures ob= 
taitnohle with any of tre fund@mentel amplifier cirasi ts 
exge%t that the nofse figure for reverse traneriasian 
wirowrhn a grounCed eclle@etor cixrehit is likely to be much 


mn! Ker than the others(14), 





——_ 7 _ a _ 7 an 
y 7 DRE 2s B - 
) Be ae eee a % Se & ] p , ’ es 7 
7 — ee & rs ea ~~ - , a ‘ | ~~ —~ 
y wywoawnrnrrsn 4 = a f . a Par rr ) ea , ys fr we 
mt V ee ok a Wie u Tl oe ts Lt OTe p= JOM T' 


y 
aid 


—* a SZ 


Por an? JT is fairly well expre: 


yg F 


Nowe Rwey oc = ’ where n is from Lite 1.2 

Noise fisure Increases with increasing lve over the 
normal oneratinge rane of voltage(6), 

2. Ternerature Effects. 

The two parameters most ser‘iously affected by temp- 
erature variation are r and X(9), 

The collector back resistance, ro decreases with temo- 
erature (2,5), This imolies that I,, increases with temp= 
erature. Hence, there may be serious faults in switching 
cirerits!9) since, in switching appl'cations, it is usually 
desirable that I;, be as low as nossible. 

The current gain, & , increases with temperature and 
partially offsets the decreasing r. thus keenine the loss 
of small-sirnal gain low over the operating ranre of temp= 
eratures (=40°C to + 70°C) (559) , 

If the onerating temnerature exceeds 80°C in most of 
the oresent trwvres there will be vermanent chanres ir the 
smojl signal and dc parameters (©), 


In reneral, from the stability standpoint, the effect 


of increasing temperature is to impair stabil’ty. 














CHAPTER IX 
MISCELLANEO™S CASCADED AWPLITIVR CIRCUITS 


In cascading transistor ammlifier stages it is im- 
portant to rive special cmsideration to interstare counling. 
If the usual heavy, bulky audio transformers are used then 
most of the weirht and space advantaces of transistors are 
immediately sacrificed. In some anplications transformer 
coupling will be unavoidable. If such is the case, it is 
nossitble to minimize the weight and svnace increase by de= 
vieing circuits in wrich the de component through the trans- 
former windinvs is minimum! 22) (preferably zero). The 
circuitry vsed for this nvrnos@® is a compromise in efficiener. 

Transformers mav frequently be avoided by talking ad- 
vantace of the variety of imvedance transformations avail- 
agle in thé three tranetetor connections (22), 

The vrotlem of nower sunylies for cascaded amnlifiers 
fe @nother Subjseet for compromise (16.22) | Tre voroblem is to 
keen the number of séenarete nower sources tc a minimum with- 
out too great a loss in overall efficiency. Some methods of 
dealing with the nroblem are illustrated in the miscellaneous 


cascaded amplifier circuits which follow(22), 


59 











AUDIO AM®LIFIER (Class A, sinele endea)‘22) 


In this circuit @ sacrifice is made in overall 
efficiency to nermit operation from one battory(16) , 

The first transistor 1s used at low power cain in a 
mrovnded collector connecticn, and supplies emitter bias for 


the second stare; onerated grounded emitter. 
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AUDIO AM PLI“IER (Class A, »ush-pull) 


The grounded collector to grounded emitter cascade, as 


used above, is a@ common impedance matching technique (22) _ In 


@ similar way, a grounded base to grounded collector connection 
is narticulorly useful for low impedance loads. 

Tre first stance 18 a snlit lond nhase inverter. Its 
output ‘s balanced bv the 2 F variable resistance. 

hote the use of the rather larce cavacitors. Th’s is 
necessary, Of course, to maintain a suitable covnline time 
constant and adequate bynass of low impedance circuits. 
fortunately these are usually low voltare canacitors. 

Another vnoint which shovld be mentioned here is that 
where a large vower outout is required the emitter is not a 
suitable outnut terminal because of its low current handling 


ability(14), 
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AUDIO POWER AMPLIFIER (Class B)(22) 


240K 
WW —— 







4h 12K %600.L 


= 
I. Sopp? 
| 
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600 $ 600 


e 





+140V 
Sa 


NPN JUNCTION TRANSISTOR AUDIO avpLreier(22) 


The significant feature of the circu!t ahove ts the 
use of reststance shunt feed to reduce the dc magnetization 
of the transformer core. The circuit 18 classified as 


crovnded emitter but emitter dereneration is emnloyed to 


immrove stability. 
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CHAPTER X 
CONCLUSIONS 


In adapting transistors to nerform the functions 
omnonly performed by vacuum tubes there are two reneral 
annroaches. One of these consists of dunrlicatinc, as neerly 
as nossibls, the cirevitry of an existine vacuum tube cirenit, 


adanting as necessary to satisfy the snecial cheracteristics 


7 
of the transistor. For examnle, a transistor multivibrator 


can te made to operate using essentially tre sare circuitry. 
as that used for the vacuum tube counterpart. 

Th® second method is to redesizxn the circuit to take 
full advantawo of the transistor characteristics. In con- 
trast to tho early work on circvit apnlications the recent 
trend is toward the second method. Tne circuits in this 
paver fall into this lAtter catefory. In the oxammle of 
the multivibrator, it has been demonstrated thet the trans- 
istor counternart is more efficiently constricted with a 
Sincle transistor. 

At this time there exist several handicans w'ch 
seriously limit transistor nerfortrence in certatn annrlica- 
tions. The most imnortant of these is the breatdown of 
nerformance at elevated temneratures. Another is the fre= 


quency limitation. A third difficulty is neculiar to the 





short circuit unstable PCT. This problem involvés keenving 
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the external circuit impedances high, sometimes well outside 
the frequency range of interest. The corresponding problem 
in vacuum tube circuits is to keen this imnedance low above 
the frequency range of interest. Keening stray shunt im- 
vedances high at hikfh frequencies may be a very difficult 
“rotlem. 

Mecause of tre lititations rentioned above, the vnractical 
applications of transistors on a cormercial or military 
basis have thus far been limited to such services as audio 
armnlifiers, audio oscillators, and pulse shanine and trigger 
ctrevits. Further extension of the fields of relish>le anpli- 
enticon Is continerent to some extert on improved ~rot%nction 
techriques, tut to a greater extent, on the »rovress cf basic 


researcr in the su»xporting solid state physics. 
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